Renal disease is a worldwide health issue. Besides transplantation, current therapies revolve around dialysis, which only delays disease progression but cannot replace other renal functions, such as synthesizing erythropoietin. To address these limitations, cell-based approaches have been proposed to restore damaged kidneys as an alternative to current therapies. Recent studies have shown that stem cell-derived secretomes can enhance tissue regeneration. However, many growth factors undergo rapid degradation when they are injected into the body in a soluble form. Efficient delivery and controlled release of secreting factors at the sites of injury would improve the efficacy in tissue regeneration. Herein, we developed a gel-based delivery system for controlled delivery of trophic factors in the conditioned medium (CM) secreted from human placental stem cells (HPSCs) and evaluated the effect of trophic factors on renal regeneration. CM treatment significantly enhanced cell proliferation and survival in vitro. Platelet-rich plasma (PRP) was used as a delivery vehicle for CM. Analysis of the release kinetics demonstrated that CM delivery through the PRP gel resulted in a controlled release of the factors both in vitro and in vivo. In an acute kidney injury model in rats, functional and structural analysis showed that CM delivery using the PRP gel system into the injured kidney minimized renal tissue damage, leading to a more rapid functional recovery when compared with saline, CM, or vehicle only injection groups. These results suggest that controlled delivery of HPSC-derived trophic factors may provide efficient repair of renal tissue injury. STEM CELLS TRANSLATIONAL MEDICINE 2019;8:959-970
INTRODUCTION
Increasing incidence of acute kidney injury (AKI) is contributing to the global health burden of chronic kidney disease (CKD) [1] . Although the pathogenic mechanisms of AKI have been elucidated in recent years, few preventive or therapeutic options exist [2] . Pharmacotherapeutic drugs have shown limited clinical efficacies in the treatment of AKI, highlighting a dire need of novel and innovative approaches [3, 4] . Recent advances in cell therapy have offered new therapeutic options for the treatment of kidney diseases [3] [4] [5] . Although the cell therapy approach has demonstrated promising outcomes in several preclinical and clinical studies, the practice of this approach remains a concern, as direct injection of the therapeutic cells can cause immune rejection, pulmonary embolism, and even teratoma formation in cases of pluripotent cells [6] .
In an attempt to address the issues of cell therapy approach, several studies have shown that stem cell-derived secretomes can enhance tissue regeneration [7] . The use of cellular secretomes for therapy is an appealing alternative to cell transplantation. Secretomes have been used as a form of conditioned medium (CM), as a high level of growth factors and tissue repairing agents [7] from therapeutic cells are released into the culture medium. Numerous studies demonstrated positive outcomes of CM therapy in kidney diseases using various types of cells, including mesenchymal stem cells (MSCs) [8, 9] and induced pluripotent stem cells (iPSCs) [10] . However, the therapeutic effectiveness was obtained when highly concentrated CM was administered to appropriate delivery sites with high dose [10, 11] . For instance, Xing et al. [12] found that intravenous administration of MSC-CM did not improve the kidney function in an ischemia/reperfusion (I/R)-induced mouse injury model. This may be attributed to the intravenous injection without concentration of CM. In another study, Abedi et al. injected human MSC-CM intraperitoneally to the damaged kidney induced by gentamicin and observed partial tissue regeneration [13] . In either study [12, 13] , the injected growth factors and cytokines present in the CM may lose their biological activity quickly because of the high diffusion rate and short half-life following injection [7, 14] . This may limit the time and dosage required to yield therapeutic effects. To overcome this limitation, controlled and sustained release of CM into the injured kidney is essential for achieving improved therapeutic efficacy [15] .
Drug delivery systems have been developed to efficiently deliver biological factors to exert maximized outcomes in pharmaceutical applications and tissue regeneration [16] [17] [18] . Delivery vehicles, including natural and synthetic materials, have been designed to encapsulate target factors, thereby protecting them from the effect of enzymatic environment and prolonging therapeutic effects in vivo [16] [17] [18] . Therefore, the selection of the delivery vehicles is an important factor in controlling the biological activities of targeting molecules. In this study, we sought to develop an effective delivery system that provides controlled and sustained release of trophic factors to damaged cells and tissues.
We used platelet-rich plasma (PRP) gel as a delivery vehicle of CM. PRP is an easily accessible autologous source rich in growth factors and has shown healing efficacy in animal models and clinical studies [19, 20] . It can be easily manipulated as a gel system that allows efficient encapsulation of CM components. In our study, we used the CM secreted from human placental stem cells (HPSCs), as PSCs have features of both embryonic and MSCs, such as noncarcinogenic property and capability to differentiate into all three embryonic germ layers [21] . Placentas are usually discarded as medical waste after birth. Therefore, the use of these materials does not involve ethical issues. PSCs secrete many trophic factors that are involved in anti-inflammatory and immunomodulatory activities, angiogenesis regulation, cell proliferation, antiapoptosis, and antioxidative stress [22, 23] . Here, we evaluated the effects of trophic factors from HPSC-derived CM on renal regeneration. We examined the effects of HPSC-derived CM on cell proliferation and survival in vitro. To test the feasibility of controlled delivery, CM was physically encapsulated within the PRP and the release kinetics of CM from the gel was assessed. We evaluated the effects of PRP-encapsulated CM on the injured kidney using a rat AKI model.
MATERIALS AND METHODS

Ethical Approval
The protocol for animal studies was approved by the Institutional Animal Care and Use Committee at the Wake Forest School of Medicine. All surgical procedures were carried out under the guidelines provided by the Institute for Laboratory Animal Research Guide for the Care and Use of Laboratory Animals. The authors took all steps to minimize the animals' pain and suffering.
Preparation of HPSC-CM
HPSCs were obtained from the Regenerative Medicine Clinical Center at the Wake Forest Institute for Regenerative Medicine [24] . HPSCs (passages 10-13) were grown in Dulbecco's modified Eagle medium (DMEM)/low-glucose media (GE Healthcare Life Sciences, Logan, UT) supplemented with 15% fetal bovine serum (FBS; Thermo Scientific, Carlsbad, CA), 18% Chang B (Irvine Scientific, Santa Ana, CA), 2% Chang C (Irvine Scientific), 1% L-glutamine, and 1% penicillin-streptomycin (GE Healthcare Life Sciences) at 37 C in 5% CO 2 . Medium was changed every 2-3 days thereafter. To obtain HPSC-CM, HPSCs were plated at 1.5 × 10 6 cells per 15 cm culture dish and cultivated in the growth medium (GM) until the cells reached 60% confluence. Twenty milliliters of serum-free medium (SFM) without FBS and Chang C was added to the HPSCs and cultured for another 3 days. The approximate cell number at the time of the SFM addition was 5 × 10 6 cells per 15 cm culture dish. The CM was collected and filtered through a 0.22 μm filter. The CM was then concentrated by centrifugation using centrifugal filter units with a molecular weight cutoff of 3 kDa (Merck Millipore, Darmstadt, Germany). The concentrated HPSC-CM was stored at −80 C until use. For animal study, we used 80 μl of 10× concentrated CM to finally obtain 200 μl of 4× CM in the mixture with platelets and thrombin for injection ( Table 1) . The concentrated CM samples were analyzed for growth factor and cytokines content using the Quantibody human growth factor array (Ray-Biotech, Norcross, GA) [25] .
Cell Culture and Hypoxic Treatment of Primary Renal Cells and Human Umbilical Vein Endothelial Cells
Isolation and culture of human-derived primary renal cell (PRCs) were previously established in our laboratory [26] . Briefly, PRCs were cultured in GM containing a mixture of an equal amount of two types of media. One was DMEM/highglucose-containing 10% FBS and 1% penicillin-streptomycin and the second one was keratinocyte medium (Thermo Fisher Scientific, Rochester, NY) supplemented with bovine pituitary extract and epidermal growth factor; 1% FBS; 0.08% insulintransferrin-sodium selenite (Sigma-Aldrich, St. Louis, MO); and 1% penicillin-streptomycin. Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza (Walkersville, MD) and maintained in EGM-2 medium (Lonza). For hypoxic experiments, the cells were seeded into a 48-well plate or 8-well chamber slide (Thermo Fisher Scientific) at a density of 5,000 cells per well with GM, SFM, or HPSC-CM. Right after the cell seeding, the seeded cells were transferred in a hypoxia C-chamber (BioSpherix, Parish, NY) inside a standard CO 2 incubator (Revco Ultima II; Thermo Fisher Scientific) with a compact gas oxygen controller (ProOx P110; BioSpherix) to maintain 
Cell Viability Assays
PRCs and HUVECs were seeded into 48-well plates at a density of 5,000 cells per well and treated with 0.25-, 0.5-, 1-, 2-, and 4-fold concentrated HPSC-CM for 1, 2, and 3 days. The cell viability was measured using Methods section (MTS) (Promega, Madison, WI) and phenazine methosulfate (PMS; SigmaAldrich) solutions. At the end of treatment, the culture medium was removed and 120 μl of the mixtures of MTS and PMS in SFM were added into each well and incubated at 37 C for 1 hour. The absorbance at 490 nm was measured using a microplate reader. Survival of PRCs and HUVECs was also assessed by a Live/Dead viability kit (Invitrogen, Carlsbad, CA) at 3 days after treatment. Briefly, the cells in 48-well plates were washed with phosphate-buffered saline (PBS) and incubated with a mixture of calcein AM (4 mM) and ethidium homodimer-1 (2 mM) at 37 C for 10-20 minutes. Then, fluorescent calcein (green, live cells) and ethidium homodimer-1 (red, dead cells) were visualized under a fluorescence microscope. To quantify the number of live cells, the live/dead stains were imaged in an ×200 magnification and the green fluorescent cells were counted (n = 3 images per group).
Immunofluorescence Staining of Cultured Cells
Cells grown on 8-well chamber slides (Thermo Fisher Scientific) were fixed with 4% paraformaldehyde for 10 minutes and permeabilized with 3% ice-cold methanol. The cells were then washed 3 times with PBS and incubated with primary antibodies against Aquaporin-1 (1:500; Abcam, Cambridge, UK), proliferating cell nuclear antigen (PCNA; 1:100; Santa Cruz, Santa Cruz, CA), and cleaved caspase-3 (1:200; Cell Signaling Technology, Beverly, MA) overnight at 4 C, followed by incubation with secondary goat anti-rabbit biotinylated IgG antibodies (1:300; Vector Laboratories, Burlingame, CA) for 30 minutes at room temperature. Subsequently, streptavidin conjugated with AF594 (1:200; Thermo Fisher Scientific) was added and incubated for 20 minutes at room temperature, followed by fluorescence microscopic imaging. The percentage of proliferating or apoptotic cells over the total cell number was calculated at a magnification of ×200 (100-400 cells, n = 3-5 per group).
Characterization of PRP Gel with HPSC-CM: Mechanical Analysis and CM Release Kinetics PRP was isolated from porcine blood (Lumpire Biological Laboratories, Pipersville, PA) and mixed with CM and bovine thrombin (Sigma). Three PRP gels were formulated (Table 1) and their mechanical properties evaluated. Briefly, porcine blood was centrifuged at 400g for 10 minutes and then plasma and buffy coat in the supernatant were collected. The sample was centrifuged for 10 minutes at 800g and the PRP layer in the supernatant was collected. PRP, CM, and thrombin were mixed and kept for 1 hour at room temperature to allow for gelation before mechanical testing. The ratio of PRP to thrombin was determined based on a previous study reported in the literature [27] , where the ratio of PRP/thrombin is 5 μl per unit. For comparison, PRP gels using 2.5 and 10 μl per unit were used for mechanical testing. Gels were characterized using an HR-2 Discovery Hybrid Rheometer (TA Instruments, Newcastle, DE) [25] . To initiate the measurement, the prepared gels were fixed on the rheometer stage and the surface of the gel was contacted with the 12-mm steel plate geometry. The rheometer program was configured to compress each gel sample until 0.4 N of axial force was achieved. Afterward, the rheometer performed an oscillatory stress sweep from 0.1 to 20 Pa to determine gel stiffness (storage modulus).
For the kinetic analysis of CM release, the CM was fluorescently labeled using 5-(and 6) carboxyfluorescein, succinimidyl ester N-hydroxysuccinimide (NHS)-fluorescein according to the manufacturer's instructions. Briefly, 1 ml of CM (approximately 1.5 mg/ml) was reacted with 10 μl of NHS-fluorescein on ice for 2 hours and then passed through a Sephadex G-10 (Sigma) column to remove the free NHS-fluorescein. To determine the labeling efficiency of proteins in the CM, BCA analysis was performed to measure the protein concentration of mixture of NHS and CM protein, and labeled CM proteins after the reaction. Approximately 56% of original CM proteins were identified in the labeled-CM samples. As the filtration with Sephadex G-10 column is efficiently able to remove the free NHS-fluorescein, most proteins in the CM are considered to be labeled with the fluorescein.
The fluorescent labeled CM was mixed with PRP and thrombin as described in Table 1 and incubated in PBS at 37 C. The released CM in the PBS was determined by measuring the fluorescent intensity at 488-520 nm using a microplate reader (SpectraMax M5). The percentage of accumulated CM release at each time point was determined by the ratio of fluorescent value at each time point to the total fluorescent intensity.
Animal Experiments
AKI was induced by I/R in rats as described previously by our group [28] . In brief, adult athymic nude male rats weighing 250-350 g (Charles River Lab, Wilmington, MA) were anesthetized with an intraperitoneal injection of sodium pentobarbital. A nontraumatic vascular clamp was placed across the renal artery and vein of both kidneys for 60 minutes. Then, the clamps were removed and reperfusion of the kidneys was confirmed visually. To test the effect of PRP-encapsulated HPSC-CM, the rats (n = 43) were divided into six groups, including age-matched control (AMC; n = 10), saline (n = 7), PRP (n = 6), CM (n = 7), HPSCs (n = 5), and CM with PRP (n = 8) groups. A cells), or CM with PRP was injected into four sites of the kidneys (50 μl per site) immediately after I/R (Table 1 ). Blood samples were collected from the saphenous vein at 0, 1, 2, 3, 5, and 7 day after I/R, and serum Cr (Sigma) and neutrophil gelatinase-associated lipocalin (NGAL; BioPorto, Hellerup, Denmark) levels were analyzed using a NGAL enzyme-linked immunosorbent assay (ELISA) kit.
To track the delivery of CM encapsulated with PRP gels into the injured renal tissues, fluorescently labeled CM with or without PRP gel was injected into the kidney immediately after I/R injury. At 1 and 3 days after injection, the harvested kidneys were frozen and sectioned, followed by visualizing by immunofluorescent microscopy (Leica). At least, one image (×40 magnification) from a kidney was obtained from the injection site of the kidney. The fluorescent intensity was measured using the Image J software for semiquantification.
Morphology and Immunohistochemistry
To assess the histologic features of tubular injury resulting from renal I/R, paraffin-embedded sections (5 μm) of kidney tissue were stained with H&E and periodic acid-Schiff (PCH) stains using standard protocols. To evaluate the levels of acute tubular damage (n = 3-5 per each group), morphologic features were assessed in 10 fields of the cortex and outer medulla in cross-sections of the whole kidney using a semiquantitative scoring system (0-4). The percentage of total cortical tubules showing tubular cast formation, tubular dilatation, and tubular degeneration (vacuolar change, loss of brush border, detachment of tubular epithelial cells, and condensation of tubular nuclei) was estimated according to the following criteria under a light microscope (×200 magnification) by two blinded observers: 0, normal; 1, <25%; 2%, 25% to 50%; 3%, 50% to 75%; and 4, >75% of the relevant area. Immunohistochemistry was also performed to examine cell proliferation (PCNA), apoptosis (cleaved caspase-3), and peritubular capillaries (PTCs) density (JG12) in each group. The deparaffinized sections were heated in 0.01 M citrate buffer (pH 6.0; Polysciences, Warminster, PA) for 20 minutes, and endogenous peroxidase activity was neutralized with dual endogenous enzyme-blocking reagent (DAKO, Santa Clara, CA). The sections were incubated with primary antibodies at 4 C overnight. Primary antibodies against PCNA (1:100; Santa Cruz), cleaved caspase-3 (1:100; Cell Signaling Technology, Danvers, MA), and aminopeptidase P (JG12; 1:50; Santa Cruz) were used. The secondary antibodies were biotinylated anti-rabbit IgG antibodies (1:200; Vector Laboratories). The percentages of PCNA-and caspase 3-positive tubular cells in 10 fields of the cortex and outer medulla of the entire kidney cross-sections were determined under a light microscope (×200 magnification) by two blinded observers (n = 3-5 per each group). The nuclei colored in the dark brown or blue within the tubular structures were manually counted as positive or negative cells, respectively. The percentage of positive cells was determined from the ratio of positive cells to the total cells (positive and negative cells).
PTC loss was determined as the percentage of the area with no capillaries stained with JG12 antibody, which was formerly reported as a rarefaction index of PTC sparseness [29] . Briefly, this index was calculated via counting the total number of squares in 10 × 10 grids that did not show JG12-positive PTC staining in randomly selected 10 non-overlapping fields (×200 magnification). The lowest PTC rarefaction index is 0, that is, all squares in the grid contain JG12-positive PTCs, whereas the highest score is 100, that is, JG12-positive PTCs are absent from all squares in the grid (n = 3-5 per each group).
Renal Injury Marker Quantification in Whole Kidney
To determine the level of renal tissue injury, we quantified the total protein levels of NGAL, KIM-1, cystatin C, and casapse-3 by ELISA in whole kidneys obtained from all experimental groups 7 days post-I/R injury. Each marker level was measured in duplicates by sandwich ELISA techniques using commercially available rat NGAL (Enzo life science), KIM-1, cystatin C (Abcam), and caspase-3 (Mybiosource, San Diego, CA) immunoassay kits according to the manufacturer's instructions.
Statistical Analysis
Data are presented as mean AE SD. Statistical comparisons between groups were analyzed using one-way ANOVAs and t tests as appropriate. Tukey's post hoc analysis was used for multiple comparisons when appropriate. A p value <.05 was considered significant. Statistical analyses were performed with SPSS ver. 16.0 for Windows software (SPSS Inc., Chicago, IL).
RESULTS
HPSC-Derived CM Enhances Cell Proliferation and Survival in a Dose-Dependent Manner
To determine the effect of HPSC-derived CM on cell proliferation and survival, human PRCs and HUVECs were treated with 0.25 to 4-folds concentrated up to 3 days and cell viability and survival determined using MTS and live/dead cell assay, respectively. As shown in Figure 1A , 1C, treatment of PRCs and HUVECs with HPSC-derived CM induced a significant increase in cell viability in a dose-dependent manner. Live/dead cell staining was conducted at day 3 of culture. The number of dead cells was significantly reduced in both PRCs and HUVECs treated with higher CM concentrations (Fig. 1B, 1D ; Supporting Information Fig. S1 ).
To determine the effect of CM on cellular behaviors under hypoxic conditions, cells were cultured under low oxygen conditions for 3 days and stained with PCNA and cleaved caspase-3 antibodies. PCNA staining revealed that CM treatment increased the proportions of proliferating PRCs ( Fig. 2A, 2B) and HUVECs (Fig. 2E, 2F ) under both normoxic (21%) and hypoxic conditions (1% and 0.1%; *p < .05) at 3 and 7 days of culture (Supporting Information Fig. S2A ). Particularly, an increased PCNA expression was quantitatively confirmed by ELISA (*Student's t test, p < .05, n = 4) and Western blot (Supporting Information  Fig. S3 ). CM treatment significantly reduced the number of apoptotic cells at 3 (Fig. 2C, 2D , 2G, 2H; *p < .05) and 7 days (Supporting Information Fig. S2B ; p < .05). Under both normoxia and hypoxia, PRCs maintained their renal phenotypes in the presence of CM, as confirmed by AQP1 immunoreactivity (Supporting Information Fig. S4 ).
The Release of PRP Gel-Encapsulated CM In Vitro and In Vivo (Table 1 ) and the release kinetics of CM were determined by CM-derived fluorescent intensity. Mechanical testing using a rheometer showed that the stiffness of the PRP gel increased with increased numbers of platelets (Fig. 3A) . The release rate of CM depended on the gel stiffness (Fig. 3B) . Based on these results, a PRP gel (400 × 10 6 platelets) with moderate release of CM was chosen for the subsequent studies. We injected CM and PRP-encapsulated CM into rat kidneys and harvested the tissues at 24 and 72 hours postinjection. At 24 hours postinjection, the fluorescence intensity of the kidney injected with PRP-encapsulated CM was much higher than that of the CM without encapsulation (Fig. 3C, 3D) , indicating that the PRP gel system can control the sustained release of CM in vivo.
Amelioration of Renal Function by the PRPEncapsulated CM
To determine the effect of PRP-encapsulated CM on injured kidneys, we created AKI in male athymic rats by I/R. 200 μl of saline, PRP, CM, HPSCs (5 × 10 6 cells), or PRP-encapsulated CM (CM + PRP) were injected into the kidneys immediately after I/R. Serum creatinine (Cr) and NGAL levels were analyzed at days 0, 1, 2, 3, 5, and 7 after injury. Serum Cr and NGAL levels were significantly higher in the rats received I/R, compared with the untreated normal rats (Fig. 4) . Serum Cr levels in the AKI rats that received PRP-encapsulated CM injection were significantly lower than those in all other groups at day 1 (ANOVA, Tukey post hoc test at *p < .05) and consistently maintained low levels during the remaining testing period (Fig. 4A) . Similarly, serum NGAL levels in the CM + PRP group were significantly reduced based on the ANOVA and Tukey post hoc test (*p < .05), at 3, 5, and 7 days post-treatment, as compared with the saline injection group (Fig. 4B) . Also, the serum NGAL level of the CM only (**) and HPSC injection (***) groups is significantly different from that of saline group at day 7.
We performed histological and immunohistochemical analyses on the kidney tissues to further analyze the I/R-induced AKI. H&E staining showed that the tubular dilation in the CM-PRP-treated group was significantly reduced when compared with the other groups (*p < .05) (Fig. 5A) . PAS staining indicated that the brush border (arrow head) loss in proximal tubules was also significantly reduced in the CM-PRP group than those in other groups (*p < .05; Fig. 5B ). In addition, CM-PRP treatment enhanced renal cell proliferation and diminished renal cell apoptosis (*p < .05) (Fig. 6A , PCNA, and 6B, caspase-3). These results demonstrate that delivery of CM with PRP efficiently reduced I/R-induced tubular damage. To further evaluate the improvement of renal functions, protein expression of renal damage markers including NGAL, KIM-1, cystatin C [30] , and caspase-3 [31] was determined. Figure 7 shows that the level of each marker significantly increased after I/R injury and saline treatment. Interestingly, all of treatments significantly reduced the level of each marker with a statistical difference (ANOVA, p < .0001, *, Tukey post hoc test at p < .05 with saline). Additionally, CM only, HPSC, and CM + PRP treatment significantly reduced the apoptosisrelated marker, caspase-3 protein, as compared with that of the PRP treatment group (ANOVA, p < .0001; *, Tukey post hoc test at p < .05, *, with saline, and **, with PRP).
Another histologic feature of renal I/R is loss of PTC. We stained the kidney sections with JG12, a membrane antigen presented on rat endothelial cells. PTC loss was calculated as the percentage of the area without positive staining of JG12 and expressed as PTC rarefaction index. I/R treatment resulted in a significant increase in PTC rarefaction score. The changes in PTC loss in the treatment groups were consistent with the renal tubular injury score and renal cell apoptosis. The PTC rarefaction index scores from the CM-CRP (*p < .05) and HPSC (**p < .05) treatment groups were significantly lower than those from saline-treated, PRP-treated, and CM-only-treated rats (Supporting Information Fig. S6A, S6B ). Of note, the level of endogenous vascular endothelial growth factor (VEGF) protein was higher in the kidney tissues treated with CM-PRP than those in saline-treated, PRP-treated, and CM-only-treated rat kidneys (Supporting Information Fig. S6C ; *, **p < .05). No significant changes in renal hepatocyte growth factor (HGF) were observed among the treatment groups (Supporting Information Fig. S6D ).
DISCUSSION
To date, no treatment modalities are able to change the outcomes of AKI in patients. Although recent studies indicate that cell-based therapies have potential in treating AKI [3, 4, 8, 9] , there are still many obstacles to overcome [4, 6] . Preclinical data show that cell-secreted factors can mitigate renal injury such as AKI [10] , but a well-controlled delivery system is needed to achieve maximized beneficial outcomes. To this end, the aim of this study was to develop a delivery system for HPSC secretomes in order to efficiently control the release of secretory molecules into the affected kidneys, thereby restoring kidney function.
Our results indicate that the controlled delivery of HPSC-CM using a PRP gel appeared to be an effective approach in facilitating functional and structural recovery of the kidney from I/R injury. Tarng et al. [10] examined the effects of iPSCderived CM on renal improvement in a rat model of I/R. The renal improvement was only observed in the treated group with 50-fold concentrated CM (a total of 4 ml). In another study using a rat model of CKD, van Koppen et al. found that : Sustained release of CM from all PRP gels was detected over 24 hours, and stiffer gels (400 and 800 × 10 6 platelets) released CM more slowly. Based on these results, PRP with 400 × 10 6 platelets were chosen for all further experiments. (C): Fluorescently labeled CM encapsulated in the PRP gel was localized to cortex region (arrows) at 1 day after ischemia/reperfusion, whereas CM without PRP quickly disappeared. In both groups, intensity of green fluorescence gradually decreased up to 3 days. (D): Semiquantitative analysis for fluorescent intensity showed more effective delivery of CM with PRP gel than CM-only injection at 1 day postinjection (*p < .05). Data presented as mean AE SD (n = 2 animals, four kidneys per experimental group; ×200 magnification, Bar = 100 μm). Abbreviations: A.U., arbitrary units; CM, conditioned medium; PRC, primary renal cell. Figure 4 . Functional improvement by injection of HPSC-CM encapsulated with PRP in rats after ischemia/reperfusion (I/R). (A): Serum Cr levels in the CM with PRP group (CM + PRP) were significantly lower than in saline-treated, PRP-only-treated, and CM-only-treated groups at 1 day post-I/R (analysis of variance, Tukey test, *p < .05, CM + PRP vs. saline, PRP only, and CM only, n = 3-6). Although similar elevations in serum NGAL levels were observed, renal function improved the most in the CM + PRP group, based on lower serum NGAL levels than in the saline group at 3, 5, and 7 days (*, Tukey test at p < .05, CM + PRP vs. saline). (B): NGAL levels in the CM only and HPSC group also significantly decreased, compared with the saline group at 7 days (Tukey test at p < .05; **, CM vs. saline; ***, HPSC vs. saline). Data presented as mean AE SD (n = 3-6 per experimental group). Abbreviations: AMC, age-matched control; CM, conditioned medium; HPSC, human placental stem cell; NGAL, neutrophil gelatinase-associated lipocalin; PRP, platelet-rich plasma. human embryonic MSC-derived CM decreased the progression of CKD and improved tubular and glomerular injury [11] . As in the case of the study [10] , a high dose of CM injection (2 ml of 25 times concentrated of CM) was required to obtain an effective outcome [11] . Intravenous injection of nonconcentrated CM (a total of 3.5 ml) did not restore renal function in a mouse I/R model [12] . In contrast, we injected 200 μl of 10-times concentrated PRP-encapsulated CM (CM + PRP) into four different sites of both kidneys with 50 μl volume per injection and observed significant improvement in renal function (Fig. 4) , histologic analysis (Figs. 5-6 ), and the level of renal damage (Fig. 7) . The effective HPSC-CM dose used in our studies is much lower than that used in other studies above [10, 11 ] by a 25-or 100-fold in the injected volume of CM. As shown in the results, the reduction of serum Cr and NGAL by the CM + PRP group is significantly different from that observed by the saline injection, which is confirmed by histological analysis and renal damage (Figs. 5-7) . Also, the experimental evidences support that the therapeutic effect by the CM + PRP delivery is significantly different from the PRP only group (Figs. 5-7) . As positive control, HPSC injection facilitated therapeutic effects on the improvement of renal functions as similar level as that by CM + PRP treatment. Interestingly, the beneficial phenomenon was observed at the later time points (e.g., 7 days) posttreatment (Fig. 4B ). This delay in the therapeutic effects may be because of the time required for cell engraftment after the HPSC injection and additional time frames for the grafted cells to play roles to ameliorate the renal damage. In addition, determination of the renal damage level on the harvested tissue demonstrated that NGAL, cystatin C, and caspase-3 level is similar to that of the CM + PRP group and the effects are statistically significant as compared to the control (saline). Moreover, in the comparison of beneficial effect between the CM vs. all other treatments). In the H&E-stained tissues, the CM group also showed a lower tubular injury score than the saline group (ANOVA, Tukey test, ** p < .05 vs. saline) (A). In the PAS-stained tissues, the brush border in proximal tubules (arrows) was relatively preserved by CM + PRP, and tubular injury scores in the CM + PRP group were lower than those of the saline, PRP, and CM groups (ANOVA, Tukey test, * p < .05 vs. saline, PRP, and CM groups) (B). Data presented as mean AE SD (n = 3-5 per experimental group). Scale bar = 50 μm. Abbreviations: AMC, age-matched control; CM, conditioned medium; HPSC, human placental stem cell; PRP, platelet-rich plasma.
+ PRP and the CM only treatment, the improvement of therapeutic outcomes in the CM + PRP group appears to be superior to that of the CM-only delivery while the CM only treatment group also showed the beneficial effects on the renal damages, as observed in the functional and histological analysis (Figs. 4-7) . The significant difference between the two groups was confirmed in the serum Cr level (Fig. 4A) at very early time point (1 day) post-treatment and CM only treatment ameliorated renal damages as observed in the functional and histological analysis (Fig. 4-7) . The significant difference can be found in the serum Cr level (Fig. 4A ) at 1-day posttreatment and histological analysis (Fig. 6 ) with a statistical difference (ANOVA, Tukey post hoc test at p < .05, *CM + PRP vs. CM only). This outcome implies the importance of sustained release of CM from the PRP-encapsulated CM from the injection site, which was confirmed by the in vivo release test (Fig. 3C, 3D) . Since the previous studies used various kidney injury models (e.g., AKI and CKD), CM sources (iPS-CM and MSC), and administration routes (intraperitoneally and intravenously) [10, 11] , it makes direct comparisons very difficult. However, the dose that we used in our studies was much lower than that used previously, implying that effectively controlled CM delivery appears to be an important requisite for mitigating renal injuries. It will be interesting to see whether increasing the CM-PRP dosage can obtain better therapeutic outcomes.
As mentioned in other studies [10, 11, 32] , the potential mechanisms involved in the therapeutic effect of HPSC-CM in the AKI model may be because of the renoprotective effects of the delivered CM within the injured kidneys. Previous studies have reported that the therapeutic effects by CM treatment primarily occurred via attenuation of cellular apoptosis through protection from the reactive oxygen species [10] as well as kidney regeneration [11, 32] through angiogenesis and tubular regeneration. Our study also demonstrated similar phenomena in the CM treatment, both in vitro and in vivo. Fig. S4 ). To better understand the potential mechanisms involved in the therapeutic effect of HPSC-CM, we analyzed the growth factors and cytokines in the CM. The protein levels of follistatin, uPAR, ANGPTL4, HGF, and VEGF were higher in the HPSC-CM (Supporting Information Fig. S7 ) than other factors. Interestingly, studies have shown that individual administration of follistatin [33] , HGF [34] , or VEGF [35] is effective in accelerating tubular regeneration in animals with renal I/R. Follistatin treatment, through blocking activins or transforming growth factor-beta superfamily members, reduced renal injury by I/R [33] . The combination of VEGF and HGF or ANGPTL4 [36, 37] was reported to improve angiogenic response of tissues. Moreover, uPAR was also suggested as a crucial factor in VEGF-mediated endothelial cell migration [38] . Thus, it is plausible that various growth factors and cytokines secreted from HPSCs act in concert to attenuate renal injury and promote kidney repair after I/R. In the future study, it remains to be seen whether combinational treatment with the identified factors would result in a similar or better renal regeneration than that observed in the CM delivered group. As discussed earlier [11, 32] , the improvement or maintenance of angiogenic activities by CM treatment seems to be a critical factor to explain the restoration of kidney injury. The PTC rarefaction index (Supporting Information Fig. S6A ) results indicate that the efficient delivery of CM using PRP (CM + PRP) facilitated to maintain similar level of angiogenesis observed in the normal kidney (AMC), whereas other experimental groups did not maintain intact angiogenic capability. In an attempt to explain the functional angiogenic ability, we focused on VEGF, which has been implicated as a vital factor for kidney repair following I/R via its mitogenic, angiogenic, anti-inflammatory, and anti-apoptotic effects [35] . As the CM contains high levels of VEGF in the components (Supporting Information Fig. S7 ), positive outcomes in the angiogenesis may be because of the exogenously injected CM. Interestingly, the highest protein level of endogenous VEGF in kidney tissues was detected in the CM-PRP group (Supporting Information Fig. S6B ). We suggest that CM delivery can activate endogenous molecular systems in the injured kidney that contribute to renal improvement. As renal tubules are significant sources of VEGF and the angiogenic effects of tubular VEGF are essential for the preservation and maintenance of PTC integrity [39, 40] , positive feedback between the attenuation of PTC rarefaction and increased VEGF signaling attenuated renal injury after I/R.
Several issues still need to be addressed to obtain better therapeutic outcomes. First, a more careful strategy for selecting the CM delivery vehicle is needed. We used a PRP gel system as a CM delivery vehicle, considering it as a 
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potential autologous source for patients. PRP gel as an autologous hydrogel system has been safely applied in preclinical and clinical studies for accelerating tissue repair [41, 42] [ [43] [44] [45] . In our study, the results of serum Cr and NAGL (Fig. 4) showed that a single application of PRP in our renal injury model was not able to improve renal function, which was similar to that of saline administration. However, the level of renal damage markers in the kidney tissue harvested at 7 days post-treatment significantly reduced in the PRP treatment group compared with that in the saline (Fig. 4) . These results indicate positive effects of the PRP treatment on the renal functions. Conversely, Martin-Sole et al. [46] recently reported opposite results, where PRP treatment worsened renal blood flow and caused more renal histologic damage in rats with I/R. The authors suggested early thrombus formation, high osmolality of PRP, and the role of inflammatory cytokines from PRP as possible causes. In their report [46] , the authors injected 1 ml of PRP solution to a left kidney, whereas our study used 20 μl for the injections into two kidneys. It can be considered that the significant difference in the injection volume may be a critical reason for the discrepancy in the results. As such, optimization of the PRP volume and number should be determined for clinical application. Alternatively, clinically relevant hydrogel systems such as collagen or fibrin gel are another candidates for delivery vehicles [47] .
CONCLUSION
To the best of our knowledge, this is the first study to demonstrate the beneficial effects of physical encapsulation of stem cell-derived CM on kidney repair. For clinical applications of CM using PRP, standardized methods of production and validation of its use need to be conducted. Future work also should elucidate if CM with PRP can block the transition from AKI to CKD.
